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1
DETERMINING POSITION OF
UNDERWATER NODE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. nationalization under 35 U.S.C.
§317 of International Application No. PCT/GB2013/050491,
filed Feb. 28, 2013, which claims priority to United Kingdom
Patent Application No. 1203669.5, filed Mar. 2, 2012. The
disclosures set forth in the reference applications are incor-
porated herein by reference in their entireties.

FIELD OF THE INVENTION

The present invention relates to a method and apparatus for
determining the position of one or more underwater nodes.

BACKGROUND OF THE INVENTION

A known method and apparatus for determining the posi-
tion of an underwater node is described in U.S. Pat. No.
5,119,341. A plurality of buoys determine their positions
based on Global Positioning System (GPS) navigation satel-
lites and emit acoustic underwater data messages which con-
tains this position. An underwater vehicle receives the mes-
sages and determines its position therefrom. Spread spectrum
encoding is used to allow a single beacon carrier frequency
for all buoys. Alternatively separate and locally-unique bea-
con carrier frequencies can be assigned to each buoy.

SUMMARY OF THE INVENTION

A first aspect of the invention provides a method of deter-
mining the position of an underwater node, the method com-
prising:

a) determining the positions of three or more transmitters;

b) transmitting from each transmitter at least four pulses,
wherein a time difference between each pulse and a
previous one of the pulses is proportional to a respective
co-ordinate of the position of the transmitter;

¢) receiving the pulses at the underwater node;

d) decoding the pulses received at the underwater node by
measuring the delays between them, thereby determin-
ing the co-ordinates of the transmitters;

e) determining the range of each transmitter relative to the
underwater node; and

f) determining the position of the underwater node in
accordance with the co-ordinates determined in step d)
and the ranges determined in step e), for instance by
multi-lateration.

A further aspect of the invention provides apparatus for
determining the position of an underwater node, the apparatus
comprising: three or more transmitters, each transmitter com-
prising: means for determining the position of the transmitter;
and a processor arranged to cause the transmitter to transmit
at least four pulses, wherein a time difference between each
pulse and a previous one of the pulses is proportional to a
respective co-ordinate of a position of the transmitter; and a
node comprising: a receiver for receiving the pulses; and a
processor arranged to decode the pulses received at the node
by measuring the delays between them, thereby determining
the co-ordinates of the transmitters; process the pulses
received at the node to determine the ranges of the transmit-
ters relative to the node; and determine the position of the
node in accordance with the positions and ranges of the trans-
mitters.
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The present invention encodes the positions of the trans-
mitters by pulse-position-modulation, wherein a time differ-
ence between each pulse and a previous one of the pulses is
proportional to a respective co-ordinate of the position of the
transmitter. Any errors in the measurements of the delays
between the pulses only translate into small errors in the
determined position because of the proportionality between
the delays and the coordinates. Therefore if there is a gradual
decrease of signal-to-noise ratio then the accuracy of the
position estimate also degrades gradually. Also, the use of
pulse position modulation provides a low computation over-
head in decoding and encoding.

The node may be stationary. However more preferably the
method further comprises determining a velocity of the node,
wherein the position of the underwater node is determined in
accordance with the determined velocity of the node. This
enables the method to takes account of the fact that the node
may have moved between receiving the first pulse and the last
pulse, so step f) can for instance determine the position at the
time that one of the pulses (for instance the first or last pulse)
was received.

Typically the range of each transmitter is determined in
step e) by detecting a time taken for at least one of the pulses
(for instance the first pulse) to travel from the transmitter to
the underwater node. This may be determined for example by
detecting the time of arrival of the pulse, and determining the
time difference between the time of arrival and a known
transmission time for the pulse.

Preferably the time difference At between each pulse and a
previous one of the pulses is proportional to a respective
co-ordinate (c) of the position of the transmitter node in
accordance with the equation c=kt, where k is a co-efficient of
proportionality.

Preferably at least the second, third and fourth pulses from
each transmitter are chirps which vary monotically between a
first frequency at the beginning of the pulse and a second
frequency at the end of the pulse. The frequency or period
may vary at a constant rate or a non-constant rate.

Preferably at least the second, third and fourth pulses vary
in frequency with respect to time in accordance with a pre-
determined function, which may or may not be monotonic

The pulses from the transmitters may be time-division-
multiplexed, but more preferably the pulses from the trans-
mitters have different frequencies or codes and are de-multi-
plexed at the underwater node based on their code or
frequency. Typically the pulses from the transmitters occupy
non-overlapping frequency bands, which are preferably non-
adjacent.

The method may be performed by a single node only, but
more typically it is performed simultaneously by two or more
nodes, most preferably more than 10 and potentially 100 or
more.

The delays between the pulses may be measured in step d)
by directly measuring their relative times of arrival. However
more preferably the delays between the pulses are measured
in step d) by: generating a signal from the received pulses;
cross-correlating the signal with a pulse function to generate
a cross-correlation signal; and measuring the measuring the
delay between peaks in the cross-correlation signal.

Preferably a time varying gain is applied to the cross-
correlation signal until a first peak is detected; then the value
of'the gain is detected at that point; and the detected value of
the gain is applied to subsequent parts of the cross-correlation
signal.

The nodes may be sensors such as seismic sensors, or any
other node which needs to know its location accurately.

The pulses may be acoustic pulses or electromagnetic
pulses.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with
reference to the accompanying drawings, in which:

FIG. 1 shows an underwater communication system;

FIG. 2 shows a method of encoding a position sequence;

FIG. 3 shows a survey space;

FIG. 4 shows a pulse train with the X axis being the time
dimension and the Y axis being the frequency dimension;

FIG. 5 shows three simultaneous pulse trains in separate
frequency bands;

FIG. 6 shows a single pulse train where the pulses are in
different frequency bands;

FIG. 7 shows a method of decoding the received signal to
determine the buoy position;

FIG. 8 shows the received signal and cross-correlated data
derived from the received signal;

FIG. 9 shows an analog signal with sampling points; and

FIG. 10 shows a method of determining the position of the
underwater vehicle from the ranges and positions of the
buoys.

DETAILED DESCRIPTION OF
EMBODIMENT(S)

FIG. 1 shows an underwater communication system. Three
transmitter buoys la-c¢ are deployed on the surface of the
water. Each buoy has a Global Positioning System (GPS)
antenna 2, a processor 3 and an acoustic antenna 4.

The GPS antenna 2 receives GPS data signals 10 from a
GPS satellite 11 and from a Differential GPS (DGPS) refer-
ence station 12 on a surface vessel 13. The processor process
the GPS data signals 10 to determine the position of the buoy
1 in a known manner.

FIG. 2 is a schematic diagram illustrating the method steps
performed by the processors 3. The position of the buoy 1a-c¢
is first determined in GPS coordinates (latitude, longitude and
altitude) and stored as position data 20. This data 20 is then
transformed at step 21 into a local coordinate system having
an origin 22 (again, defined in terms of GPS coordinates) to
give a grid position 23. This process is illustrated in FIG. 3
which shows an origin 22, and a cube 24 with orthogonal X,
Y and Z axes meeting at the origin. Any position within the
cube can be defined by three grid coordinates X, y, z relative to
the origin 22.

The processor 3 is programmed to cause the acoustic trans-
mitter 4 to transmit a chirp pulse position modulated acoustic
pulse train 25 which encodes the xyz position of the buoy 1 as
shown in FIG. 4.

This pulse train 25 is encoded from the grid position data
23 at step 26 in accordance with reference chirp data 27 and
survey grid property data 28. The reference chirp data 27
defines for each a buoy a start frequency F1, a finish frequency
F2, and a monotonic function which defines how the chirp
frequency changes from F1 to F2 with respect to time (for
instance the frequency might change at a constant rate
between F1 and F2). The survey grid property data 28 defines
the size of the cube 24 in meters (for instance 4096 m by 4096
m by 4096 m), the resolution required (for instance 0.25 m)
and the maximum time between adjacent pulses in the pulse
sequence (for instance 0.1 s).

The pulse train 25 shown in FIG. 4 comprises four low-to-
high-frequency chirps 30-33 and a single high-to-low-fre-
quency chirp 34. The low-to-high-frequency chirps 30-33
have a frequency which increases at a constant rate between a
first low frequency F1 at the beginning of the pulse and a
second high frequency F2 at the end of the pulse. The low-
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4

to-high-frequency chirps 30-33 start at times t, t,, t,, and t,,
respectively. The high-to-low-frequency chirp 34 has a fre-
quency which decreases at a constant rate between a first high
frequency at the beginning of the pulse and a low high fre-
quency at the end of the pulse. The chirps 30,34 are used to
signal the start of the pulse sequence.

The chirps in the pulse train of FIG. 4 have a frequency
which changes at a constant rate. In an alternative pulse train
(not shown) the chirps may instead have a period which
changes at a constant rate.

The time difference (At) between each acoustic pulse and a
previous one of the acoustic pulses is encoded at step 26 to be
directly proportional to a respective co-ordinate (X,y,z) of the
position of the buoy 1a-c in accordance with the equation:

At=co-ordinate (x,y,2)x(k)

where k is a co-efficient of proportionality which in this case
is 4096/0.1 my/s. In other words:

to—1,=X co-ordinate in metersx(0.1/4096)
£,~1,=Y co-ordinate in metersx(0.1/4096)

t,~1,=Z co-ordinate in metersx(0.1/4096)

The chirps from the buoys 1la-c are frequency-division-
multiplexed as shown in FIG. 5. In this example the first buoy
1a transmits from Fla to F2a, the second buoy 15 transmits
from F15 to F2b, and the third buoy 1¢ transmits from Flc to
F2c¢. The chirps occupy non-adjacent and non-overlapping
frequency bands so that Fla<F2a<F156<F2b<F1c<F2c. The
three pulse trains are then de-multiplexed at the underwater
vehicles based on their frequency by a process of cross-
correlation as described below. By way of example the fre-
quency Fla may be of the order of 10 kHz and the frequency
F2¢ might be of the order of 15 kHz.

Optionally each chirp from each buoy may also occupy a
different frequency band as shown in FIG. 6. In this example
the chirps from the buoy 1a occupy four non-adjacent and
non-overlapping frequency bands, where
Fla0<F2a0<Flax<F2ax<Flay<F2ay<Flaz<F2az. The
chirps from the other two vehicles are also similarly distrib-
uted within their respective frequency band. The individual
chirps are then de-multiplexed at the underwater vehicles
based on their frequency by a process of cross-correlation.
This process also induces pulse compression at the receiver,
which improves the resolution in time of the pulse arrival at
the receiver.

In another example the pulse trains and/or individual chirps
may be code-division-multiplexed (for instance by being
mixed between up chirps and down chirps, or coded in some
other way, perhaps by frequency hopping encoding) then
de-multiplexed at the underwater vehicles based on their code

The underwater vehicles 40aq,6 each have an acoustic
antenna 44 for receiving the acoustic pulses 30-34, and a
processor 45. The processor 45 measures the delays between
the pulses 30-33, thereby determining the X, Y and Z co-
ordinates of the buoys la-c. The process for doing this is
shown in FIG. 7.

Firstthe received acoustic signal data is received and stored
atstep 50. FIG. 8 shows the received signal data at 41 by way
of'example. Next this data is cross-correlated in step 51 with
the reference chirp data 27 to generate cross-correlated signal
data 52. The vehicles 40 and the buoys 1 have synchronised
clocks so the vehicles know the time t, at which the buoys
have transmitted the first pulse. At step 53 a time-variable
gain is applied to the cross-correlated signal, the gain increas-
ing constantly with respect to time after t,. Once the first peak
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in the cross-correlated signal 52 has been detected at step 55
then the gain value 56 at that time is recorded and applied for
subsequent parts of the cross-correlated signal data 52 at step
57. This time varying gain accounts for the fact that if the
vehicle is far away from a buoy then the received signal will
be weaker and delayed by a greater time than the received
signal for a vehicle which is closer to the buoy 1. The graphs
42a-c in FIG. 8 show the cross-correlated data for the three
buoys 1a-c after gain has been applied as described above.

In step 58 the four peaks in each of the signals 42a-c are
determined by detecting when the signals have exceeded a
predetermined threshold. Peaks 60a-c, 61la-c, 62a-c and
63a-c are shown in FIG. 8 for the signals 42a-c respectively
along with the threshold 43. It can be seen that these all have
a roughly equal amplitude.

Next the cross-correlated data is interpolated at step 59 to
generate sub-sampled peak data 70. The process of interpo-
lation is illustrated in FIG. 9. Signal 71 shows the analogue
input data generated by a transducer and amplifier on the
vehicle. An analog to digital converter samples the signal 71
at various points shown by dots in FIG. 9. The amplitude at
the peak 72 is calculated by interpolating between the
sampled data values on each side of the peak.

Returning to FIG. 7, the sub-sampled peak data 70 is then
filtered and processed at step 75 by rejecting any echoes (for
instance echo 76 shown in FIG. 8), and rejecting any peaks
where the amplitude of the peak is too high relative to a
previous peak, relative to some average peak value, or relative
to a predetermined expected range of amplitude values.

Another output of step 75 is a ray travel time 77 which gives
the time of receipt of the first peak 60a-c relative to the known
time t, at which the first pulse was transmitted by the buoys
1a-c. Another output of step 75 is a set of filtered sub-sampled
peak data which is decoded at step 78 in accordance with the
grid property data 28 to determine the position 79 of the buoy.
In other words the filtered sub-sampled peak data is decoded
as follows:

1o—1,%(4096/0.1)=X co-ordinate in meters
£,~£,%(4096/0.1)=Y co-ordinate in meters

1,~1,%(4096/0.1)=Z co-ordinate in meters

FIG. 10 shows how the data 77, 79 is used by each vehicle
40a-c to determine its position. In step 80 a raytracer algo-
rithm determines a radial distance 81 in accordance with the
ray travel time 77, a stored set of sound velocity profile data
82, and the vehicle depth 83 measured by a pressure sensor
onboard the vehicle. This ray tracer algorithm 80 accounts for
the fact that the sound waves will not travel in a straight line
from the buoy to the vehicle due to the increase in pressure
with depth.

The vehicle now has the radial distance (or range) 81 and
position 79 of each one of the three buoys 1a-c. This data is
than analyzed by a trilateration algorithm at step 84 to calcu-
late the position 86 of the vehicle. An input to the trilateration
algorithm is the velocity 87 of the vehicle (as measured by
onboard algorithms which may interpret the data from
devices such as accelerometers and/or as calculated based on
previous position measurements). This takes into account the
fact that the vehicle may have moved between receiving the
first pulse and the last pulse, so the output 86 of the algorithm
84 is the position of the vehicle at the time that the last pulse
was received.

Any errors in the measurements of the delays At between
the pulses only translate into small errors in the X, Y or Z
co-ordinates because of the proportionality between the
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delays At and the co-ordinate values X, Y and Z. Therefore if
there is a gradual decrease of signal-to-noise ratio then the
accuracy of the position estimate also degrades gradually.

The use of pulse position modulation also provides a low
computation overhead in decoding and encoding.

The use of chirp pulses gives high processing gain due to
their high bandwidth (processing gain being proportional to
bandwidth multiplied by the period of the signal).

Although only two vehicles 40a,b are shown in FIG. 1 for
purposes of simplicity, a large fleet of such vehicles may be
provided (potentially 100 or more) for instance for the pur-
pose of accurately distributing a grid of seismic sensors over
a wide area of the seabed. The use of pulse position modula-
tion for encoding the acoustic transmissions ensures that
there is a relatively large time difference At between the
pulses from a given buoy 1. This relatively large time differ-
ence provides time for any delayed versions of the original
pulse, due to multipath eftects, to be sufficiently attenuated so
as not to cause interference with the current pulse. Thus the
likelihood of inter-symbol interference is reduced compared
with other encoding methods, such as frequency shift keying,
which transmit each symbol consecutively. With such encod-
ing methods it is not possible to increase the time between
symbol transmissions without dramatically reducing the data
rate of the communication channel.

Although the invention has been described above with
reference to one or more preferred embodiments, it will be
appreciated that various changes or modifications may be
made without departing from the scope of the invention as
defined in the appended claims.

The invention claimed is:

1. A method of determining a position of an underwater
node, the method comprising:

a. determining the positions of three or more transmitters;

b. transmitting from each transmitter at least four pulses,
wherein a time difference between each pulse and a
previous one of the pulses is proportional to a respective
co-ordinate of the position of the transmitter;

c. receiving the pulses at the underwater node;

d. decoding the pulses received at the underwater node by
measuring the delays between them, thereby determin-
ing the co-ordinates of the transmitters;

e. determining a range of each transmitter relative to the
underwater node; and

f. determining the position of the underwater node in accor-
dance with the co-ordinates determined in step d. and the
ranges determined in step e.

2. The method of claim 1 further comprising determining a
velocity of the underwater node, wherein the position of the
underwater node is determined in accordance with the co-
ordinates determined in step d., the ranges determined in step
e. and the determined velocity of the underwater node.

3. The method of claim 1 wherein the range of each trans-
mitter is determined in step e. by detecting a time taken for at
least one of the pulses to travel from the transmitter to the
underwater node.

4. The method of claim 1 wherein the time difference At
between each pulse and a previous one of the pulses is pro-
portional to a respective co-ordinate (c) of the position of the
transmitter node in accordance with the equation c=kt, where
k is a co-efficient of proportionality.

5. The method of claim 1 wherein at least the second, third
and fourth pulses from each transmitter are chirps which vary
monotonically between a first frequency at the beginning of
the pulse and a second frequency at the end of the pulse.
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6. The method of claim 1 wherein at least the second, third
and fourth pulses vary in frequency or period with respect to
time in accordance with a predetermined function.

7. The method of claim 1 wherein the pulses from the
transmitters have different frequencies or codes and are de-
multiplexed at the underwater node based on their code or
frequency.

8. The method of claim 1 wherein the pulses from the
transmitters occupy non overlapping frequency bands.

9. The method of claim 1 wherein the pulses from the
transmitters occupy non adjacent and non overlapping fre-
quency bands.

10. The method of claim 1 further comprising:

receiving the pulses at one or more further underwater

nodes;
decoding the pulses received at the further underwater
node(s) by measuring the delays between them, thereby
determining the co-ordinates of the transmitters;

determining the range of each transmitter relative to the
further underwater node(s); and

determining the position(s) of the further underwater

node(s) in accordance with the determined co-ordinates
and ranges.

11. The method of claim 1 wherein the delays between the
pulses are measured in step d. by: generating a signal from the
received pulses; cross-correlating the signal with a pulse
function to generate a cross-correlation signal; and measuring
the measuring the delay between peaks in the cross-correla-
tion signal.

12. The method of claim 11 further comprising: applying a
time varying gain to the cross-correlation signal until a first
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peak is detected; detecting the value of the gain at that point;
and applying the detected value of the gain to subsequent
parts of the cross-correlation signal.

13. The method of claim 1 wherein step d. comprises
determining the position of the underwater node in accor-
dance with the co-ordinates determined in step d. and the
ranges determined in step e. by a process of multi-lateration.

14. The method of claim 1 wherein the pulses are acoustic
pulses.

15. Apparatus for determining the position of an underwa-
ter node, the apparatus comprising:

a. three or more transmitters, each transmitter comprising:

i. means for determining the position of the transmitter;
and

ii. a processor arranged to cause the transmitter to trans-
mit at least four pulses, wherein a time difference
between each pulse and a previous one of the pulses is
proportional to a respective co-ordinate of a position
of the transmitter; and

b. a node comprising:

i. a receiver for receiving the pulses; and

ii. a processor arranged to decode the pulses received at
the node by measuring the delays between them,
thereby determining the co-ordinates of the transmit-
ters; process the pulses received at the node to deter-
mine the ranges of the transmitters relative to the
node; and determine the position of the node in accor-
dance with the positions and ranges of the transmit-
ters.



